The relatively recent development of high-throughput sequencing (HTS) 26 techniques has revealed a wealth of novel sequences found in very low abundance: the rare 27 biosphere. Today, most studies of diversity of microorganisms are carried out almost 28 exclusively with HTS techniques. However, culturing seems indispensable for diversity 29 studies especially if the aim is exploring the rare biosphere. We have carried out a deep (1 30 million sequences per sample) pyrosequencing analysis of two marine bacterial samples and 31 isolated a culture collection from one of them. We have shown that the collectors curves of 32 the pyrosequencing data were close to reaching an asymptote. We have estimated the total 33 richness of the samples and the sequencing effort necessary to obtain the total estimated 34 richness experimentally. Comparing the pyrosequencing data and the isolates sequences we 35 have found that isolation retrieves some of the rarest taxa and that the composition of rare 36 taxa follows an annual succession. We have shown that increasing the number of tags 37 sequenced would slowly uncover the isolated bacteria. However, even if the whole bacterial 38 diversity was found by increasing the sampling depth, culturing would still be essential for 39
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Introduction 42
The question of how many species of living beings are there on Earth has intrigued 43 ecologists and evolutionary scientists for decades (May, 1988; Erwin, 1991) . One of the most 44 recent estimates considered a number of 8.7 million species, but excluded bacteria and 45 archaea from the estimate due to our ignorance of the microorganisms (Mora et al., 2011) . 46
The International Census of Marine Microbes attempted to map the diversity of microbes in 47 the oceans with novel high throughput sequencing techniques (Amaral-Zettler et al., 2010) 48 but a global estimate was not attempted. Some estimates for marine bacterial species range 49 from 10 4 to 10 6 based on different assumptions (Curtis et al., 2002; Hagström et al., 2002) . 50 Such a range of values, spanning several orders of magnitude, shows that we are far from a 51 reasonable estimate. 52 realization that bacteria obtained in culture were mostly different from bacterial sequences 66 obtained in clone libraries, produced what could be called the "great clone library anomaly". 67
Molecular methods could retrieve many sequences from the abundant organisms but missed 68 the rare ones, and only occasionally a rare clone was found. Isolation, on the other hand, 69 retrieved mostly rare bacteria and, occasionally an abundant one. This anomaly was a 70 consequence of the fact that natural assemblages are formed a by a few taxa in very large 71 concentrations and many taxa in very low concentrations. The problem can be easily 72 visualized by looking at a rank-abundance curve (Pedrós-Alió, 2006) . Primers for clone 73 libraries will hybridize with the most abundant sequences over and over again before they 74 find a rare target. Thus, only a fraction of the community will be available to cloning and 75 sequencing. The relatively recent development of high-throughput sequencing (HTS) 76 techniques and their application to natural microbial communities (Sogin et al., 2006) now 77 provides an opportunity to solve the "great clone library anomaly". 78
79
The study of microbial communities with such technologies has revealed a wealth of novel 80 sequences found in very low abundance: the rare biosphere (Sogin et al., 2006) . And different 81
properties of the latter have been examined (Galand et al., 2009 
Isolation of bacterial cultures 162
Isolates were obtained on board by plating 100 µl of undiluted and 10x diluted sea-water 163 from the surface sample, in triplicates, onto modified Zobell agar plates (i.e. 5 g peptone, 1 g 164 yeast extract and 15 g agar in 1 l of 0.2 µm filtered 75% sea water). Agar plates were 165 incubated at in situ temperature (~20 °C), in the dark, for 14 days. 326 bacterial colonies 166 were selected and the cultures were subsequently purified by re-isolation three times in a 167 month. Next, isolates were grown at 20 ºC on the same liquid medium and stored at -80 ºC 168 with 25% (v/v) glycerol. 200 µl of these cultures were place in 96 well plates, diluted 1:4 and 169 heated (95ºC, 10 min) to cause cell lysis, so available DNA could be used as a template in 170
Polimerase Chain Reactions (PCR). PCR, using Taq polymerase (Boehringer-Mannheim), of 171 the Internal Transcribed Spacer (ITS) were done to select as many different species as 172 possible from the 326 isolates. ITS length is species specific and therefore allows to 173 differentiate the isolates (Fisher & Triplett 1999; Scheinert et al. 1996) . ITS amplification 174 was done using primers ITS-F (5'-GTCGTAACAAGGTAGCCGTA) and ITS-R 175 (5'-GCCAAGGCATCCACC) and the following thermal conditions: 94ºC for 2 min, then 32 176 cycles of 94ºC for 15 sec, 55ºC for 30 sec, 72ºC for 3 min, followed by one cycle of 72ºC for 177 4 min and 4ºC on hold. According to their different ITS patterns, 148 isolates were chosen 178 out of 326, including some replicates, and their 16S rRNA gene were then amplified using 179 bacterial 16S rRNA gene primers 27F (5'-AGAGTTTGATCMTGGCTCAG) and 1492R (5'-180 GTTTACCTTGTTACGACTT). The thermal conditions were as follows: 94ºC for 5 min, 181 then 30 cycles of 94ºC for 1 min, 55ºC for 1 min, 72ºC for 2 min, followed by one cycle of 182 72ºC for 10 min and 4ºC on hold. Nearly the full-length 16S rRNA gene (aprox. 1 300 bp) 183 was sequenced in GENOSCREEN (Lille Cedex, France). Taxonomical assignment was done 184 by BLAST searches in the National Center for Biotechnology Information (NCBI) website. 185
The 16S rRNA sequences have been deposited in EMBL with accession numbers LN845965 186 to LN846112. 187
188
In addition to the SUMMER culture collection obtained for the present study, we also 189 used three previously isolated collections for comparison. The isolation procedures were the 190 same as above, but the samples were collected at the Blanes Bay Microbial Observatory 191 (BBMO). Station D sampled in the present work is about 100 km offshore from the BBMO. Estimates of total richness were calculated using two packages of the free software R (R Core 201
Team, 2013). The "vegan" package (Oksanen et al., 2013) was used for non-parametric 202 (S Chao , Abundance-based Coverage Estimator [ACE]) estimations. The "drc" package (Ritz & 203 Streibig, 2005 ) was used to estimate richness by fitting the species accumulation curves to a 204 mathematical function. We fitted several mathematical functions to our data (Flather, 1996) . 205
The best fits were given by Michaelis-Menten, Rational, and Weibull Cumulative functions. 206
The three parameter Weibull Cumulative function was the best of all according to the 207 coefficient of determination (R 2 ), the residual sum of squares (RSS), and Akaike's 208 information criterion (AIC) ( Supplementary Table 1 ). The Weibull cumulative function takes 209 the form: 210
where a, b and c are fitted coefficients, and a is the maximal number of species predicted by 212 the model, i.e. the asymptote. 213
The sampling effort necessary to obtained 99% and 99.9% of total estimated richness was 214 calculated from the extrapolation of the species accumulation curves by fitting the Weibull 215
Cumulative function and from the non-parametric estimation of Chao 1 using the method 216 where S is the total number of OTUs (richness). Diversity and evenness of each sample were 227 calculated using the "vegan" package (Oksanen et al., 2013) . 
Comparison of 454-pyrosequencing tags and isolates 233
Comparison between isolates and 454 tag-sequences was done running BLASTn locally. 234
Thus, the isolate sequences were searched for in the 454 tag-sequence datasets and vice 235 versa, and only the reciprocal matches between these two searches were considered. The 236 output was filtered using R (R Core Team, 2013) according to a 99% of identical nucleotide 237 matches, 75%-100% of coverage of the isolate sequence and a bit-score higher than 100. In 238 all the cases the e-value was lower than 0.0001. 239
240
Since the primers used for Sanger sequencing of the isolates and those used for the 241 pyrosequencing of the environmental DNA were different, the possibility existed of different 242 biases that could prevent detection of the cultures in the 454 dataset. Multiple alignments of 243 the sequences of the isolates and the sequences of the primers used in the pyrosequencing 244 analysis were done using the software Genious. The multiple alignments were used to check 245 that the 454 primers hybridized with the sequences of all the isolates. 246
247
In order to estimate the sequencing effort necessary to find all the isolates in the sequence 248 dataset, we did a kind of "rarefaction" analysis with detected isolates in the Y-axis and 249 number of 454 sequences or number of OTUs in the X-axis. The 454 tag-sequences were 250 subsampled in 5% intervals 1000 times and the percentage of coincidence with the isolate 251 sequences was calculated for each new 454 tag-sequence dataset and plotted against the 252 corresponding number of sequence tags analyzed. The same was done with the number of 253
OTUs. Calculations were done using R (R Core Team, 2013). 254 255 Results 256
Pyrosequencing dataset 257
Richness (S), computed as the total number of OTUs, was higher in the bottom (4 460) 258 than in the surface (1 400) sample (Table 1 ). In both samples only ~17% of the OTUs were 259 singletons (an OTU represented by a single sequence) (Table 1) . Evenness (J') and diversity 260 (H' and D) were also higher in the bottom than in the surface sample (Table 1) . Richness 261 estimations calculated with non-parametric methods, Chao Index and ACE, and with 262 parametric methods (Figure 1) were slightly higher than the actual number of OTUs (S) 263 observed as expected ( Table 1) . None of the estimates were significantly different from each 264 other (z-tests on the differences, all P > 0.05). The mathematical function that best fitted the 265 species accumulation curves was the Weibull Cumulative function (99% model efficiency or 266 R 2 =0.99) ( Figure 1 ). Fitting the species accumulation curve allowed both calculation of the 267 total richness of the samples by extrapolation (as explained above), and estimation of the 268 sequencing effort necessary to obtain the total estimated richness experimentally (Table 1) . 269
Our estimates indicated that the sequencing effort necessary to retrieve 99% and 99.9% of the 270 total estimated richness should be 4 to 8 times higher that the one applied in this study ( Table  271 1). These numbers are approximately twice higher that the estimations obtained from the 272 Erythrobacter citreus, isolated 37 times, while 17 species were isolated only once. A rank 285 abundance plot of the 38 species can be seen in Fig. 3 . The isolates belonged to the phyla 286 Actinobacteria (4 isolates), Bacteroidetes (4 isolates) and Firmicutes (2 isolates) and to the 287 Proteobacteria classes Alpha-proteobacteria (18 isolates) and Gamma-proteobacteria (10 288 isolates). The names of all the isolates are shown in Table 2 and supplementary Table 2 . 289 290
Comparison of isolates and sequences 291
Only 14 (37%) of the 38 different species were found in the 454 tag-sequence datasets: 292 one Actinobacteria, two Bacteroidetes, two Firmicutes, four Alpha-proteobacteria and five 293
Gamma-proteobacteria isolates ( Figure 3 , Table 2) . Surprisingly, the number of cultures 294 found in the 454 tag-sequence dataset was higher in the sample collected at 2 000 m (37%) 295 than in the surface sample (24%), even though the latter was the sample used for isolation of 296 the bacterial cultures ( Figure 3 , Table 2 ). Nine species were found in the sequences from both 297 samples (maroon in Figure 3 ), 5 were found in the bottom sample only (green in Figure 3 ) 298 and 24 were not found in either sample (empty symbols in Figure 3 ). Practically all the 454 299 tag-sequences that matched the sequences from the isolates belonged to rare OTUs (<1% of 300 the total tags). Only the OTU matching the isolate Alteromonas macleodii str. 'Balearic Sea 301 AD45' (Gamma-Proteobacteria) was somewhat abundant (1.3%) in the bottom sample 302 (Table 2) . Further, all the matching sequences made a larger percentage of the assemblage at 303 the bottom sample than at the surface sample. 304
305
In order to examine the rate of appearance of cultured species in the sequence database, 306
we calculated a kind of "rarefaction curves", by randomly resampling either the OTUs or the 307 454-pyrosequecing tags in 5% increases, and checking how many cultured species had been 308 found in each case (Figure 4) . These curves showed that the rate of appearance of the isolates 309 in the 454 tags datasets as the sequencing depth increased was slower for tags than for OTUs 310 but in neither case was an asymptote reached ( Figure 4 ). The rate of increase of retrieved 311 isolates versus OTUs was constant, but the rates were different at the two depths: one new 312 isolate was retrieved every 50 OTUs in the surface sample and every 117 OTUs in the bottom 313 sample ( Figures 4A-B) . The increase in retrieved isolates with respect to the number of tags 314 showed a nonlinear response, implying that the sampling effort had to increase as the number 315 of isolates increased ( Figures 4C-D) . 316 317
Comparisons across different times and locations 318
Three additional culture collections, isolated in the same way as the collection described 319 above (see material and methods), were available for comparisons with 454-pyrosequencing 320 data (A in Table 3 ). In addition to the 454-pyrosequecing dataset obtained in the present 321 study, 454 sequences from the MODIVUS cruise in September 2007 were also available (see 322 material and methods). These different datasets offered the possibility to compare how 323 effective was the retrieval of isolated species in 454 sequence datasets at different time and 324 space scales (B and C in Table 3 ). The number of cultures from each collection (columns 2 325 and 4 in Table 3 ) that could be compared to the two 454 datasets (B and C in Table 3 ) was 326 different because the 16S rRNA fragments sequenced were different (see material and 327 methods). 328 329 Column 3 (Table 3) shows that the percent of cultures retrieved was much higher from the 330 simultaneously taken culture collection (37%) than form those taken years before (~ 10%). 331
Likewise, column 5 (Table 3) Table 3 ) or if only the sequences from BBMO are used for the 341 comparison (column 6 in Table 3 ). For the three BBMO collections the percent increased 342 when a larger area was considered. The same can be observed in columns 5, 7 and 8 ( Table  343 3) for the SUMMER culture collection: when only the sequences from the open sea station 344 were included, the percentages recovered were 24 (for the surface sequences) and 34 (for the 345 bottom sequences). When the whole MODIVUS dataset was included, 74% of the cultures 346 were retrieved. Surprisingly, this percentage is larger than that of the SUMMER 454 dataset. 347
This occurred despite the fact that the SUMMER data set had many more sequences 348
(1.7x10 6 ) than the MODIVUS dataset (3x10 5 ). 349 350 Discussion 351
Estimates of richness. 352
A large proportion of the microbial world is invisible to traditional cultivation approaches 353 but it can be accessed using molecular tools (DeLong, 1997). The first cloning and Sanger 354 sequencing approaches revealed a wealth of new taxa in the oceans (Giovannoni et al., 1990) . 355
The number of clones examined however, was still too limited and there was a discrepancy 356 between the taxa obtained in pure culture and by cloning and sequencing (Pedrós-Alió, Our collector curves were close to reaching an asymptote (Figure 1 ). The relatively low 373 percentage of singletons (~17%) found in this study compared to the higher percentage (40%-374 60%) in the previous study (Pommier et al., 2010) indicates a good coverage of the whole 375 bacterial richness. By increasing the number of tags per sample from 20 000 to 1 000 000 we 376 increased the number of OTUs from 632 to 1 400 at the surface and from 2 065 to 4 460 at 377 the bottom. The Chao estimators were relatively close in both studies: 1 289 vs 1 643 and 378 4 156 vs 5 029 for surface and bottom samples respectively. This suggests that the 379 sequencing effort carried out in the present study is not necessary for a general evaluation of 380 the richness of a marine sample, which is good news for further routine studies. However, we 381 needed this effort to answer the questions discussed below. 382
383
The Chao index is based on the number of singletons and doubletons. We wanted to use 384 all the information contained in the species accumulation curves to get a more robust estimate 385 of richness. After testing several options, the Weibull cumulative function proved to be 386 excellent. The extraordinary good fit (99% model efficiency) of this function to the species 387 accumulation curves ( Figure 2) gives confidence to the richness estimations made by 388 extrapolation. Again, it is good for further studies that there were no significantly differences 389 from the non-parametric estimations (z-tests on the differences, P > 0.05). The Weibull 390 cumulative function has been satisfactorily fitted to species accumulation curves of well-391 sampled communities of birds (Flather, 1996) , reptiles (Thompson et al., 2003) , snakes (van 392 Rooijen, 2012), butterflies (Jiménez-Valverde et al., 2006) and microplankton (Cermeño et 393 al., 2014) . We also fitted the model to a marine bacterial sample collected in the Western 394 English Channel Gibbons et al., 2013) . This sample was sequenced at 395 an extraordinary depth (on the order of 10 7 Illumina tags) and we also found a good fit 396 (R 2 =0.99). The fit was better when singletons were included in the analysis (the AIC value 397 was lower, supplementary Fig. 1) . Therefore, the Weibull cumulative function will be a very 398 useful tool to characterize the species accumulation curves and to obtain robust richness 399 estimates, at least for well-sampled bacterial communities. 400
401
The high abundance of the most abundant OTU in the surface sample ( Figure 2 ) may have 402 caused less OTUs to be uncovered, forcing the richness to appear lower at the surface sample 403 than at the bottom sample. However, higher richness as well as higher diversity at the bottom 404 than at the surface have been reported before for the sampling area (Pommier et al., 2010) . 405
Also, the high number of sequences examined and the richness estimations (Table 1) The study of the English Channel mentioned above Gibbons et al., 412 2013) is particularly relevant for our analysis. Station L4 was very deeply sequenced (10 413 million sequences) by Illumina. The sequences were then compared to pyrosequencing data 414 from 72 samples collected along the seasons through six years or to 415 the ICoMM pyrosequencing samples from around the world's oceans (Gibbons et al., 2013) . 416
The purpose of this exercise was to see whether the collectors curve could be saturated with 417 sufficiently deep sequencing and whether the rare biosphere of one site, at one particular 418 time, included all the taxa found at that site through the years. Caporaso et al. (2012) found 419 that around 95% of the OTUs in the combined seasonal samples could be found in the one 420 deeply sequenced sample. Thus, the conclusion was that the rare biosphere included all the 421 taxa that were abundant at L4 at one time or another. "This suggested that the vast majority 422 of taxa identified in this ecosystem were always present, but just in different proportions" 423 . even after exclusion of singletons. More than half were "unclassified bacteria" and about 445 10% were "unclassifiable (reads too short)" (see their Figure 1C ). Thus, only about 40% of 446 the OTUs could be classified. Again, this very low figure is intriguing. The short read length 447 cannot be the reason, because in our earlier studies, we used exactly the same methodology 448 and read length as for the seasonal samples from the English Channel or the world ocean 449 samples from ICoMM and yet, 98.9% of our OTUs could be assigned a taxonomy at least at 450 the Phylum level and most of the time at the Class level. Obviously, different criteria for 451 assignment of identity can be responsible for this, but the 10% of sequences labeled as 452 "unclassifiable (reads too short)" should probably have been discarded. 453
454
We used the data from their deep sequenced L4 sample to try the Weibull fit and found a 455 good fit, both with and without the singletons. In both cases the number of OTUs was one 456 order of magnitude higher than our estimates (40 000 and 100 000 OTUs without and with 457 singletons respectively). It is difficult to integrate these very different estimates of richness. 458
We see three possibilities. First, if both data sets and sequence processing are correct the 459 English Channel could have ten times more species than the Mediterranean Sea. We find this 460 possibility very unlikely, since both environments correspond to relatively open seawater. 461
Second, perhaps the procedure chosen for OTU calling with the L4 data set overestimated the 462 number of OTUs. As explained, the number of OTUs found in the seasonal samples was 463 coherent with our estimates. The number of OTUs with the Illumina sequences, on the other 464 hand was one order of magnitude higher. We believe that the current processing of 465 pyrosequencing data is quite robust (Quince et al., 2011) . Processing of Illumina tags, 466 however, was still in its infancy when the studies mentioned above were carried out. Thus, 467 the possibility exists of an overestimation of diversity. This is actually what happened in the 468 first application of pyrosequencing to marine bacterial diversity in Sogin et al. (2006) . Later 469 studies found ways to properly clean the sequences and estimates became lower (Huse et al., 470 2010; Quince et al., 2011) . We think this is the most likely explanation. Finally, there could 471 be some methodological issue that caused an increase in diversity when the number of 472 sequences increased by one order of magnitude. Thus, when diversity of marine bacterial 473 communities was estimated from conventional clone libraries (with a few hundred clones) 474 richness estimations were on the order of a few hundred OTUs. When similar samples were 475 analyzed by HTS (with tens of thousands of sequences per sample) the richness estimators 476 gave numbers of several thousand OTUs (as in the present study). 477 478
Comparison of sequencing and isolation 479
The current power of massive parallel sequencing allows probing the rare biosphere 480 approaches we have found that isolation retrieves some of the rarest taxa since only 24 to 483 37% of the isolates were found in the 454-pyrosequencing data and, moreover, they were 484 found in extremely low abundance (Figure 3 , Table 2 ). 485
486
In principle, the low percentage of coincidence might have been due to potential PCR bias 487 and differential DNA amplification of the sequencing techniques (Berry et al., 2011; Pinto & 488 Raskin, 2012 ). However, when tested in silico, the primers used for pyrosequencing covered 489 the whole diversity captured by the primers used for Sanger sequencing of the isolates and 490 therefore, a PCR bias affecting the diversity found using both methods was unlikely. 491
492
Our results showed that the deep sequencing approach failed to retrieve 76% of the 493 bacterial cultures that were isolated in the surface sample. In a similar study, but with much 494 shallower sequencing depth (~2 000 sequences per sample), Shade et al. (2012) found out 495 that 61% of their isolates were not retrieved by 454-pyrosequencing. They performed 496 pyrosequencing of a pool of bacterial cultures isolated from soil samples instead of Sanger 497 sequencing of each isolate as we did in this study. Thus both studies, one in soils and another 498 in seawater, produced similar percentages. 499
500
The long tail of rare species estimated by fitting the Weibull cumulative function to the 501 accumulation curve (Figure 2 , Table 1 ) and by the non-parametric Chao method (Chao et al., 502 2009) (Table 1) should harbor the isolates not found with the sequencing depth applied in this 503 study. Increasing the number of tags sequenced would slowly uncover the isolated bacteria in 504 a logarithmic way (Figure 4) . Even if the whole bacterial diversity were found by increasing 505 the sampling depth, culturing would still be essential for the study of marine bacterial 506 communities, especially if the target is the rare biosphere (Donachie et al., 2007) . 507
508
Taking advantage of other datasets previously collected from the same area of our 509 sampling, we were able to compare 454-pyrosequecing data and cultured isolates from 510 different times of the year and stations along a horizontal transect and a vertical profile 511 (Table 3 ). The percentage of cultured isolates sequences found in the 454-pyrosequecing 512 datasets decreased as the time between the collection of samples for isolation and 513 pyrosequencing increased; i.e., cultures isolated from the same sample as the pyrosequencing 514 data were found more easily in the pyrosequencing dataset than the cultures collected further 515 away in time or space (Table 3 ). The consistency of this pattern within the two datasets, 516 SUMMER and MODIVUS (Table 3) Similarly, Lekunberri et al. (2014) found that sequences from cultures obtained from one 520 season of the year tended to cluster together with environmental sequences obtained at the 521 same time of the year. These two findings suggest that the composition of rare taxa also 522 follows an annual succession, supporting the conclusion that the environment determines the 523 marine bacterial composition, not only of the abundant taxa but also of the rare members of 524 the bacterial community (Galand et al., 2009 ). The shorter length of the 454-tag sequences 525 (and the consequent decrease in precision of taxonomy) was likely responsible for the higher 526 percentage of cultured isolates found on the 454-pyrosequecing datasets of MODIVUS cruise 527 (454-tags sequences of ~68 bp) than of SUMMER cruise (454-tags sequences of ~400 bp). 528
529
In conclusion, by obtaining 10 6 tags per sample and fitting a Weibull cumulative function 530
we have been able to obtain a robust estimate of the richness of the bacterial assemblages in 531 two samples at the surface and deep Mediterranean Sea. This richness is of the order of 3 000 532
to 5 000 taxa. The comparison with cultures shows that many of the isolates are found deep 533 within the rare biosphere, and we have determined the sequencing effort necessary to retrieve 534 them. HTS and culturing appear as two complementary strategies to probe the fabric of the 535 rare biosphere. 536 537
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